Series elastic element stiffness was studied during isometric muscle contraction in cylindrical segments of dog common carotid artery. These vessel segments were mounted in vitro and restored to in situ length. Vessel diameter was constantly monitored with a linear displacement transducer. The arteries were subjected to isometric contraction by adding norepinephrine to the bath and elevating the transmural pressure enough to maintain constant vessel diameter. Small, rapid quick release-quick stretch cycles were performed repeatedly during isometric contractions to evaluate the stiffness of the undamped series elastic element. After contraction was complete, repeated quick release-quick stretch cycles were also performed during inactivation of the muscle caused by the administration of potassium cyanide. At strains up to the peak in the length-active tension curve, series elastic element stiffness was a linear function of stress thoughout both isometric contraction and isometric relaxation for both quick releases and quick stretches. Vessels excited at strains less than that associated with the peak in the length-tension curve (100 mm Hg) exhibited similar stress-series elastic element stiffness slopes, but vessels excited at larger strains exhibited decreased or negative stress-series elastic stiffness slopes. Studies on potassium cyanide-poisoned vessels failed to indicate any alteration in the quick release properties of the connective tissue at large strains. The concomitant decline in the stress-series elastic element stiffness slope and the active isometric stress at large strains suggests (1) that the series elastic element undergoes mechanical yielding at high stresses or (2) that the series elastic element is an integral part of the force-generating apparatus.
• During isometric contraction of muscle, the force-generating apparatus extends compliant, undamped series-coupled structures. The sum of these compliant structures has been termed the series elastic element. The series elastic element has been studied extensively in skeletal and cardiac muscles, but much less is known about the series elastic element in vascular smooth muscle (1) (2) (3) .
Smooth muscle differs from striated muscle in that contraction occurs more slowly in smooth muscle. Therefore, experiments were performed to take advantage of this characteristic by repeatedly examining the series elastic element stiffness in dog carotid artery smooth muscle during the gradual process of isometric contraction. transformer with a lightweight, movable core (550 mg). An adjustable foot was raised to limit movements of the lower surface of the vessel, and the movable core of the displacement transducer was used to measure displacement of the upper surface of the vessel. The area of contact between the core and the vessel was about 0.10 cm 2 so that the weight of the core reduced transmural pressure by about 4 mm Hg at the site of contact; the inflation pressure was not corrected for this 4 mm Hg. The frequency response of the displacement transducer was evaluated by mechanically driving the core of the transducer with sinusoidal oscillations of constant amplitude. Response amplitude decreased 0.3%/Hz up to 40 Hz. This response was adequate for measuring the rapid diameter changes that occurred during quick release procedures (3) .
The cylindrical arterial segments were inflated with 100% O 2 . Each vessel was relaxed by slowly elevating the pressure in 10-15-mm Hg steps to 300 mm Hg. The pressure was maintained at each level until the vessel exhibited a steady diameter for several minutes. This procedure eliminated most, but not all, of the muscle tone. When the vessel was relaxed, the pressure was reduced to 0 mm Hg and then elevated to pressures between 50 mm Hg and 230 mm Hg for excitation of the muscle. Each vessel was excited isometrically with sufficient norepinephrine to bring the final bath concentration to 2 mg/liter; this dose of norepinephrine elicits maximal contraction (6) . Isometric contraction was accomplished by adding norepinephrine to the bath and carefully monitoring the polygraph record of vessel diameter. During gradual excitation of the muscle, the pressure was elevated just enough to maintain the diameter at a constant level. Since the muscle fibers in the carotid artery are oriented approximately circumferentially, excitation at constant diameter represents an isometric contraction. The first signs of contraction appeared 10-30 seconds after application of the drug, and full contraction required 4-8 minutes. To study the gradual extension of the functional series elastic element, quick release procedures were superimposed on isometric contraction. Each quick release was followed immediately by a quick stretch to restore the diameter to prerelease dimensions. Quick release-quick stretch cycles were performed by rapidly reducing the transmural pressure 10-25 mm Hg and then restoring the pressure to its original level. These rapid pressure changes were accomplished by controlling the pressure in two parallel pressure lines with a pair of Conoflow pressure regulators. Quick releases and quick stretches were achieved by switching rapidly from one pressure line to the other (3). Both regulators were adjusted simultaneously during isometric contraction to maintain an approximately constant pressure difference between the two pressure lines. Quick release-quick stretch cycles were repeated every 3-5 seconds until the vascular muscle was fully contracted. Each vessel was also studied during progressive isometric inactivation of the Circulation Research, Vol. XXXIV, February 1974 muscle with potassium cyanide. The bath was drained, rinsed, and refilled with dextrose-free Krebs-Ringer's solution containing 200 mg/liter of potassium cyanide. Inactivation was performed isometrically by decreasing the pressure just enough to maintain the vessel diameter constant. Quick release-quick stretch cycles were performed repeatedly during potassium cyanide-induced isometric inactivation of the muscle. Lack of constriction or dilation in response to supramaximal doses of norepinephrine or prolonged exposure to 1 g/liter of sodium iodoacetate after the action of potassium cyanide was complete indicated the efficacy of potassium cyanide.
Several vessels were examined to determine the effect of extension on the undamped parallel elastic element. In these experiments, vessels were poisoned with potassium cyanide to fully inactivate the muscle. Then these inactivated vessels were subjected to quick release steps at strains between 0.60 and 0.50. Repeated quick releases were performed at strains between 0.60 and 0.50 after the vessels had been distended sequentially to strains of 0.65, 0.70, 0.75, and 0.80.
The final procedure in each experiment was the determination of the incompressible cross-sectional area of the vessel walls. The vessels were filled with barium sulfate, and a radiographic method was used as described previously (6) . The cross-sectional area was obtained for each vessel, and this area was used to compute the internal radius and the wall thickness at each external diameter observed in the tissue bath. Figure 1 presents a polygraph record illustrating isometric contraction. A carotid artery was relaxed, brought to 75 mm Hg pressure, and then treated with a supramaximal dose of norepinephrine to activate the vascular muscle. During muscular activation the pressure was elevated just enough to maintain the diameter at a constant level. The lower, amplified channel shows that only very small changes in vessel diameter were permitted to occur during isometric contraction. The diagrams at the bottom of the polygraph record illustrate the presumed behavior of the contractile and series elastic elements. These diagrams show that, during isometric contraction, the contractile element shortens with concomitant extension of the series elastic element. For simplicity, parallel elastic elements have been omitted from these diagrams. Figure 2 illustrates an experiment performed to assess the series elastic element stiffness during isometric contraction; the paper speed is faster than that in Figure 1 . The vessel under study was relaxed and then excited with norepinephrine at 100 mm Hg. Figure 2A bath. During the process of isometric contraction, quick release-quick stretch cycles were performed repeatedly to measure the stiffness of the undamped or the lightly damped series elastic element. These quick release-quick stretch cycles appear as rapid perturbations in the pressure and diameter channels. Pressure changes were produced at a rate of 1,700 mm Hg/sec. The bottom channel shows that each pressure change was accompanied by an immediate, rapid change in vessel diameter. These rapid diameter changes represented less than 1% of the vessel diameter. The immediate, rapid changes were followed by slower, more gradual changes in vessel dimensions. Presumably, the initial, rapid changes reflect retraction or extension of the undamped series elastic element and perhaps the undamped parallel elastic element. The delayed, slower changes reflect additional length changes of the elastic elements accompanied by length changes of the highly damped contractile element. The initial diameter changes occurred at approximately 1.2 cm/sec, and the subsequent, slower diameter changes occurred at less than 0.009 cm/sec. The maximum shortening velocity (Vmax) of the dog carotid artery contractile element is unknown. In hog carotid artery smooth muscle, Vmax is 0.126 LJsec or 0.11 cm/sec (7) . A Vmax of 0.12 LJsec applied to the dog carotid artery is comparable to a diameter change of 0.05 cm/sec. Therefore, the velocity of the quick releases and the quick stretches greatly exceeded the presumed maximum velocity of the contractile element. Quick release-quick stretch cycles were performed about every 3-5 seconds until the muscle was fully excited. Figure 2B shows a portion of the polygraph record taken 60 seconds after the portion shown in Figure 2A . The vessel continued to require an elevation in steady pressure to maintain a constant diameter, but a slower rate than that required when the drug first had been applied. Figure 2C shows the polygraph record taken 60 seconds after that shown in Figure 2B . The vessel achieved stability at this time; the steady pressure had been elevated to 200 mm Hg.
Results
Eight carotid arteries were studied during isometric contraction at 100 mm Hg. At this pressure, the vessels were distended to strains associated with the peak in the circumferential length-active muscle stress curve. Figure 3 presents representative data for three of the vessels; each section shows data for a separate artery. The data shown are for vessels excited at circumferential strains of 0.56, 0.61, and 0.67, respectively. These strains (0.63 ± 0.03) were at approximately the peak in the length-tension curve. Static circum-ferential wall stress is plotted along the abscissa, and undamped stiffness is plotted along the ordinate. Circumferential wall stress (<x) was computed
where P T is transmural pressure, radius, and h is wall thickness. Transmural pressure values were obtained directly from polygraph recordings. Internal radii and wall thicknesses were computed using the external diameters recorded in the tissue bath and the wall volumes obtained from radiographs of the vessels. Series elastic element stiffness (E S£ ) was computed as
where ACT is the difference in stress observed immediately before and after the rapid component of each quick release and Ae is the difference in strain observed immediately before and after each quick release. Circumferential strain (e) was computed as
where D is the diameter observed at any time, and D o is the diameter observed in the potassium cyanide-poisoned vessel at 0 mm Hg. Therefore, strain represents the fractional increase in diameter relative to that observed in the vessel in the circumferentially unstressed state. Figure 3 Figure 4 presents additional stress-stiffness data for the same vessels described in Figure 3 . Both solid and open circles represent values obtained during activation of the muscle with norepinephrine, but in Figure 4 the solid circles represent data obtained from quick release procedures and the open circles represent data obtained from quick stretch procedures. Quick releases and quick stretches of small magnitudes gave comparable series elastic element stiffness values. Figure 5 presents representative data for three vessels excited isometrieaHy at 230 mm Hg. These vessels were excited at strains of 0.88, 0.85, and 1.04, respectively, which were beyond the peak in the length-active isometric tension curve. The horizontal and vertical distances between the open squares and the open circles indicate that the relaxed vessels retained a small amount of active stress and a considerable amount of series stiffness. Activation of the muscle (solid circles) resulted in an increase in stress with a marked decline in series elastic element stiffness. It has been observed previously (3) that the stiffness of the series elastic element is attenuated following isometric contraction at large strains. The present data indicate that this attenuation occurs during the very process of isometric contraction. Although the slopes of the stress-stiffness curves (Fig. 5) were negative, the absolute stiffness values exhibited by the series elastic element after full isometric contraction remained greater than those after cyanide. Stress-series elastic element stiffness data for the same three vessels shown in Figure 3 . 
Stress-series elastic element stiffness curves for three relaxed vessels excited isometrically at 230 mm Hg. Open squares show data for relaxed vessels, solid circles show data during activation of the muscle with norepinephrine and open circles show data after full inactivation of the muscle with potassium cyanide. Relaxed vessels at large strains tended to retain residual undamped stiffness. Activation of the muscle caused an increase in active stress and a decrease in series elastic element stiff-
It is possible that the decline in stiffness occurring with increasing stress resulted from overextension of parallel connective tissue elements. Accordingly, studies were performed on five potassium cyanide-poisoned arteries to determine the effects of the application of progressively greater extension and applied stress on undamped stiffness. Each vessel was mounted in vitro at in situ length and soaked in Krebs-Ringer's solution containing 200 mg/liter of potassium cyanide. After 1 hour, the vessels were inflated just enough to achieve circumferential strains of 0.60. Sequential quick release steps were performed to permit retraction to strains of about 0.50. The vessels were distended to strains of 0.65 and again subjected to quick releases at strains between 0.60 and 0.50. Quick releases were repeated between 0.60 and 0.50 after the vessels had been systematically distended to strains of 0.65, 0.70, 0.75, and 0.80. Figure 6 shows stress-stiffness data determined at strains between 0.60 and 0.50 for three representative vessels. The symbols indicate the strains to which the vessels were distended prior to the quick release procedure. The stresses computed at strains of 0.80 for these vessels were 3.49, 2.12, and 3.19 x 10 6 dynes/cm 2 , respectively. These values are comparable to the stresses associated with the Circulation Research, Vol. XXXIV, February 1974 decline of the series elastic element shown in Figure 5 . The virtual superposition of the data shown in Figure 6 indicates that distension and loading of the potassium cyanide-poisoned vessels did not alter the undamped stiffness properties of the parallel connective tissues. Therefore, the decline in stiffness seen in Figure 5 must have been related to the series elastic element, the contractile element, or both.
There are several possible explanations for the decline in series elastic element stiffness shown in Figure 5 . One possibility is that the series elastic element is an inert material that yields when it is loaded with large stresses. Figure 7 (left) shows a likely strain-stress curve for a series elastic element that exhibits mechanical yielding. With moderate extension of the series elastic element, the stress first rises gradually, and then it rises more steeply. With extreme extension, the stress again rises more gradually. This gradual rise in the strain-stress curve at large strains is typical of a material which undergoes mechanical yielding. Such yielding might reflect plastic slippage or it might reflect breakage of some elements within the material. The slope of the strain-stress curve is proportional to the stiffness of the series elastic element. Stress-undamped stiffness data for three vessels studied at strains between 0.60 and 0.50 after the muscle in these vessels had been fully inactivated with potassium cyanide at small strains. Sequential distention to progressively larger strains (e), as indicated by symbols, did not alter stress-stiffness characteristics of the vascular connective tissue.
stress, just as was done for the experimental data in Figures 3-5 . Consider how the model shown in Figure 7 might apply to the experimental data. The vessels studied at 100 mm Hg were subjected to moderate stresses. Accordingly, the stress-series elastic element stiffness originated at x when the vessels were relaxed. During isometric contraction, the stress-stiffness coordinates progressed from x to x'. Then, during isometric inactivation of the muscle with potassium cyanide, the stress-stiffness coordinates declined from x' back along the same curve to x. By contrast, the vessels excited at 230 mm Hg and large strains were subjected to high stresses even in the relaxed state. Therefore, the series elastic element stiffness originated at z in the relaxed vessel. During isometric contraction, the stress-stiffness coordinates progressed from z to z'. Finally, during isometric relaxation induced by potassium cyanide, the stiffness fell even further as the stress declined. All of these observations assume that the yielding process is located in the series elastic element. Another interpretation of the decline in stiffness shown in Figure 5 is the possibility that the series elastic element is an undamped property of the force-generating apparatus (8) (9) (10) . If this possibility were true, then one might expect a relationship between the series elastic element stiffness and the length-active tension curve. Figure 8 summarizes quick release-quick stretch data and active stress data for 56 arteries excited isometrically at pressures between 50 and 230 mm Hg. Eight arteries were studied at each pressure level. Figure 8 (bottom) shows stress-series elastic element stiffness slopes plotted as a function of the circumferential vessel strain at which isometric contraction was performed. The data are grouped according to the pressures at which the relaxed vessels were excited. The slopes varied from 11.2 ± 0.7 at 50 mm Hg to -3.5 ± 3.20 at 230 mm Hg. These slopes were examined with a one-way classification analysis of variance that revealed statistical SE STRAIN STRESS
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Left: Diagram of presumed strain-stress curve for a series elastic element. difference between some of the groups. Scheffe's test was used to compare the mean slopes of all of the groups. The vessels excited at strains greater than 0.76, i.e., at pressures of 200 and 230 mm Hg, were significantly different (P < 0.05) from one another and from all of the remaining groups. Figure 8 (top) presents circumferential strain-active isometric stress data for the same vessels. This curve is comparable to a classical length-active tension curve. It is striking that the decline of both the active stress and of the stress-series elastic stiffness slope occurred at the same vessel strain and at the same treatment pressure. The concomitant decline in both of these functions supports the possibility that at least some of the retraction measured by quick release may be a property of the force-generating apparatus.
Discussion
The addition of norepinephrine to the bath elicited a gradual increase in active muscle stress ( Figs. 1 and 2) . The time required for completion of this process reflects the gradual diffusion of Circulation Research. Vol. XXXIV, February 1974 norepinephrine through the vessel wall (11, 12) and the progressive depolarization and contraction of individual muscle cells (13, 14). These processes resemble the mode of excitation of vascular muscle that occurs in vivo. Noradrenergic nerve endings are found only in a narrow band at the adventitiomedial junction (11, 12, 15, 16) . Therefore, even in vivo, the cells at the inner layers of the media must depend on diffusion of neurotransmitter or cell-tocell propagation for excitation.
At moderate vessel strains, muscular excitation was accompanied by a linear increase in series elastic element stiffness. Then, during inactivation of the muscle with potassium cyanide, series elastic element stiffness fell along the same stress-stiffness line (Fig. 3 ). This finding indicates that series elastic element stiffness depends on the applied stress and is independent of the intensity of active state of the contractile element. Similar findings have been reported for vascular muscles subjected to successively higher doses of norepinephrine (3) and for skeletal and cardiac muscles subjected to quick releases at various intervals following electrical stimulation (17) (18) (19) .
At large strains, muscular excitation was accompanied by a decline in series elastic element stiffness ( Figure 5 ). This decline occurred only at strains greater than that associated with the peak in the length-active tension curve (Fig. 8) . A correspondence between series elastic element stiffness and length-tension characteristics suggests that at least some of the series elastic element may be a part of the contractile element. Furthermore, some of the attenuation in active stress that occurs at large strains is due to separation of series-coupled structures within the force-generating system (20). Such a separation might account for the decrease in series elastic element stiffness that occurs at large strains.
